Training-related changes in force-power profiles:Implications for the skeleton start by Colyer, Steffi L. et al.
        
Citation for published version:
Colyer, SL, Stokes, KA, Bilzon, JLJ, Holdcroft, D & Salo, AIT 2018, 'Training-related changes in force-power
profiles: implications for skeleton start performance', International Journal of Sports Physiology and
Performance, vol. 13, no. 4, pp. 412-419. https://doi.org/10.1123/ijspp.2017-0110
DOI:
10.1123/ijspp.2017-0110
Publication date:
2018
Document Version
Peer reviewed version
Link to publication
Accepted author manuscript version reprinted, by permission, from International Journal of Sports Physiology
and Performance, 2018, 13 (4): 412-419, https://doi.org/10.1123/ijspp.2017-0110. © Human Kinetics, Inc.
University of Bath
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 13. May. 2019
1 
 
Training-related changes in force-power profiles: 1 
implications for the skeleton start 2 
Original Investigation 3 
 4 
Steffi L. Colyer1, Keith A. Stokes1, James L.J. Bilzon1, Danny 5 
Holdcroft2 and Aki I.T. Salo1 6 
1Department for Health, University of Bath, UK 7 
2British Bobsleigh and Skeleton Association, University of Bath, 8 
UK 9 
 10 
Corresponding Author: 11 
Dr Aki Salo 12 
Department for Health 13 
University of Bath 14 
Bath, BA2 7AY 15 
Tel: +44(0)1225 383569 16 
Email: A.Salo@bath.ac.uk 17 
 18 
Running head: Force-power changes in skeleton athletes 19 
Abstract word count: 250 20 
Text-only word count: 3770 21 
Number of figures and tables: 3 figures, 5 tables  22 
2 
 
Abstract 23 
Purpose: Athletes’ force-power characteristics influence sled 24 
velocity during the skeleton start, which is a crucial determinant 25 
of performance. This study characterised force-power profile 26 
changes across an 18-month period and investigated the 27 
associations between these changes and start performance. 28 
Methods: Seven elite- and five talent-squad skeleton athletes’ 29 
(representing 80% of registered athletes in the country) force-30 
power profiles and dry-land push-track performances were 31 
assessed at multiple time-points over two 6-month training 32 
periods and one 5-month competition season. Force-power 33 
profiles were evaluated using an incremental leg-press test 34 
(Keiser A420) and 15-m sled velocity was recorded using 35 
photocells. Results: Across the initial maximum strength 36 
development phases, increases in maximum force (Fmax) and 37 
decreases in maximum velocity (Vmax) were typically observed. 38 
These changes were greater for talent (23.6 and -12.5%, 39 
respectively) compared with elite (6.1 and -7.6%, respectively) 40 
athletes. Conversely, decreases in Fmax (elite: -6.7%; talent: -41 
10.3%) and increases in Vmax (elite: 8.1%; talent: 7.7%) were 42 
observed across the winter period, regardless of whether athletes 43 
were competing (elite) or accumulating sliding experience 44 
(talent). When the training emphasis shifted towards higher-45 
velocity, sprint-based exercises in the second training season, 46 
force-power profiles seemed to become more velocity-oriented 47 
(higher Vmax and more negative force-velocity gradient) which 48 
was associated with greater improvements in  sled velocity (r = 49 
0.42 and -0.45, respectively). Conclusions: These unique 50 
findings demonstrate the scope to influence force-power 51 
generating capabilities in well-trained skeleton athletes across 52 
different training phases. In order to enhance start performance, 53 
it seems important to place particular emphasis on increasing 54 
maximum muscle contraction velocity. 55 
 56 
Key words: athletes, ice-track, leg-press, neuromuscular 57 
adaptation  58 
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Introduction 59 
It is well established that success in sprint-based activities is 60 
greatly influenced by an athlete’s ability to produce high power 61 
output.1,2 This also applies to the winter Olympic sport of 62 
skeleton, as lower-limb power is a key determinant of a fast 63 
push-start,3,4 which is considered to be crucial for overall success 64 
in competition.5 Consequently, skeleton athletes typically 65 
dedicate the summer months to developing strength and power 66 
through a combination of resistance, sprint and dry-land 67 
push-track training. In fact, it has previously been shown that a 68 
14-month period of skeleton-specific intensified training, 69 
focussed on developing these physical characteristics, can 70 
successfully progress a novice skeleton athlete into a Winter 71 
Olympian.6 72 
 73 
The generation of muscular power is, however, a product of 74 
contraction force and velocity and it is possible for different 75 
athletes to achieve the same power output with varying 76 
contributions of force and velocity.7 The simultaneous 77 
evaluation of force, velocity and power during muscular efforts 78 
can, therefore, provide insight into the mechanical determinants 79 
and limits of neuromuscular function7,8 and highlight ways to 80 
enhance performance across different sports with unique 81 
qualities.9 Power-generating capabilities are now frequently 82 
inferred from force-velocity and force-power relationships, and 83 
have typically been captured by either measuring squat-jump 84 
heights across a range of resistances9 or by measuring horizontal 85 
ground reaction forces at different horizontal velocities during 86 
sprint accelerations.2,8 87 
 88 
During multi-joint movements, such as leg-extension exercise, 89 
the relationship between force production and contraction 90 
velocity is quasi-linear10 and consequently, a parabolic 91 
relationship exists between the force and power generated. The 92 
negative linear force-velocity relationship has been extrapolated 93 
to the axes to yield theoretical maximum force and theoretical 94 
maximum velocity, and maximum power has been derived from 95 
the vertex of the force-power curve.2,7-9,11 Each of these 96 
theoretical parameters relates to a mechanical limit of the 97 
neuromuscular system and therefore has the potential to be a 98 
valuable tool with which to monitor athlete development across 99 
time and to inform training practices. 100 
 101 
Force-power generating capabilities during incremental leg-102 
press exercise have previously been analysed in skeleton athletes 103 
in an attempt to identify key physical determinants of 104 
performance, with high maximum power output (the peak of the 105 
resultant force-power profile) revealed as an important attribute 106 
for skeleton athletes to possess.4 Interestingly, the orientations of 107 
calculated linear force-velocity profiles also seem to 108 
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differentiate start abilities, with more velocity-oriented profiles 109 
associated with faster sled velocities.4 Due to the cross-sectional 110 
nature of these previous findings, the effect of training-induced 111 
changes in force-power characteristics on an athlete’s ability to 112 
perform a fast skeleton start is yet to be established. Moreover, 113 
longitudinal observations of elite athletes’ training effects and 114 
the influence on performance are generally sparse in the 115 
literature. Knowledge of the scope, nature and typical timeframe 116 
of these force-power adaptations to different training stimuli, 117 
along with the influence of these changes on start performance, 118 
could be potentially valuable to coaches and sports scientists 119 
attempting to maximise skeleton athlete development while also 120 
providing further understanding regarding neuromuscular 121 
adaptations to training. The aims of this study were, therefore, to 122 
quantify changes in the force-power profile in well-trained 123 
skeleton athletes’ across an 18-month period, which included 124 
both training and competition seasons, and to investigate the 125 
implications of such changes for start performance. 126 
 127 
Methods 128 
Participants 129 
Twelve national-squad (seven elite, five talent) skeleton athletes 130 
participated in this study (Table 1) representing 80% of the 131 
whole athlete population in the country at the time. The female 132 
talent-squad athlete’s descriptive characteristics are not provided 133 
as these would make her identifiable from the data provided. The 134 
elite-squad included six athletes who had competed in multiple 135 
World Cup and/or World Championship races (two medalled at 136 
least once) and one athlete who had medalled in multiple 137 
European Cup (developmental level) races. Additionally, two of 138 
the athletes competed in the Winter Olympics during the 139 
competition season that immediately followed this study period. 140 
Talent-squad athletes had recently been identified through a 141 
national talent search programme and were preparing for their 142 
first season on the developmental level competition circuit. A 143 
local research ethics committee provided approval for this study 144 
and athletes provided informed consent prior to data collection. 145 
The study was conducted in accordance with the Declaration of 146 
Helsinki.12 147 
 148 
***Insert Table 1 about here*** 149 
 150 
Study design 151 
Force-power characteristics and dry-land push-start abilities we 152 
monitored for 18 months (Figure 1). This period consisted of a 153 
six-month dry-land training season, a five-month period on ice 154 
(competition or sliding practice, depending on the squad), a 155 
four-week off-season period of reduced training load, and a 156 
second six-month dry-land training season. Athletes’ 157 
force-power characteristics were assessed on eight (elite) or 158 
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seven (talent) occasions across this period, which is depicted in 159 
Figure 1 alongside the emphases of each training block. 160 
Additionally, an overview of the types of exercises and loads 161 
involved across these training blocks is provided in Table 2. Start 162 
performance was assessed at the beginning and end of each 163 
summer training season. 164 
 165 
***Insert Figure 1 about here*** 166 
 167 
***Insert Table 2 about here*** 168 
 169 
Force-power data collection and processing 170 
Force-power characteristics were assessed using a Keiser A420 171 
horizontal leg-press dynamometer (Keiser Sport, Fresno, CA), 172 
which uses pneumatic resistance and measures force and velocity 173 
(at 400 Hz) across each effort. Before the first testing day, athletes 174 
attended a familiarisation session consisting of one 10-repetition 175 
test. All talent-squad athletes attended every scheduled testing 176 
session. Due to illness or injury, one elite-squad skeleton athlete 177 
missed two testing sessions and a different elite athlete missed one 178 
session. At each time-point, athletes performed an eight-minute 179 
incremental cycle warm-up followed by two warm-up leg-press 180 
efforts from a seated position (approximately 90° knee angle). An 181 
incremental ten-repetition test was then completed from the same 182 
starting position against low resistance in the initial repetitions and 183 
reaching an estimated ‘one-repetition maximum’ resistance on the 184 
tenth repetition. Athletes were asked to extend both legs with 185 
maximum velocity and resistance was increased until failure (the 186 
mean ± SD for number of repetitions performed was 10 ± 2). 187 
 188 
Peak force, peak velocity and peak power were recorded for each 189 
leg across every repetition. The linear regression relationship 190 
between peak force and peak velocity was then assessed, as 191 
appropriate for this type of exercise.10 As shown in Figure 2, this 192 
linear relationship was extrapolated to the axes (x = 0 and y = 0) 193 
to yield theoretical maximum isometric force (Fmax) and 194 
theoretical maximum velocity (Vmax), and the gradient of this 195 
line (FVgrad) was also recorded. A second-order polynomial was 196 
fitted through the peak force and peak power data. The equation 197 
of this polynomial was numerically differentiated and used to 198 
calculate theoretical maximum power (Pmax) and the force at Pmax 199 
(FPmax). Mean values were calculated across both legs for all 200 
variables and Fmax, Pmax and FPmax were expressed relative to 201 
body mass. Pilot testing involving five talent squad athletes 202 
suggested that day-to-day variation (coefficient of variation; two 203 
tests within 24hrs) in these Keiser output measures was 2-4%. 204 
 205 
***Insert Figure 2 about here*** 206 
 207 
Start performance assessment 208 
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At the beginning and end of each training season, start 209 
performance was assessed on an outdoor dry-land push-track. 210 
Athletes completed and documented an individual 30-minute 211 
warm-up at the first time-point, which was replicated at 212 
subsequent testing sessions. Push-track testing consisted of three 213 
maximal-effort push-starts with a three-minute recovery 214 
between efforts. Photocells (Brower Timing System; Utah, 215 
USA; 0.001-s accuracy) were placed 14.5 and 15.5 m from the 216 
starting block to provide sled velocity at the 15-m mark. 217 
Previously, 15-m sled velocity has been shown to be a reliable 218 
measure (typical error of measurement = 0.1 m·s-1)13 and 219 
strongly associated with overall start performance on ice-220 
tracks.14 Mean values were calculated across the three trials for 221 
each athlete. 222 
 223 
Statistical analysis 224 
The mean and standard deviation values were computed for each 225 
force-power profile descriptor at baseline (first testing session) 226 
for elite male, elite female and talent male athlete sub-groups. 227 
Percentage changes in all output variables (Fmax, Vmax, Pmax, 228 
FPmax and FVgrad) were calculated between consecutive testing 229 
sessions for each individual athlete before mean percentage 230 
changes and 90% confidence intervals (CI) were calculated for 231 
the elite- and talent-squad separately. Each of these 232 
measurements were log-transformed before analysis to improve 233 
the normality of distributions and were back-transformed after 234 
the percentage changes and CI had been computed. As CI 235 
indicate the range within which a value is likely to fall, changes 236 
in each of the force-power profile descriptors were deemed 237 
likely to be true if the 90% CI did not cross zero. This approach 238 
was considered most appropriate due to the small sample sizes 239 
of the sub-groups. Additionally, percentage changes in 15-m sled 240 
velocity and all force-power profile descriptors (Fmax, Vmax, Pmax, 241 
FPmax and FVgrad) were calculated across both six-month training 242 
seasons. Pearson correlation coefficients (±90% CI) were then 243 
used to assess the relationships between changes in force-power 244 
profiles and changes in start performance. A threshold of 0.1 was 245 
set as the smallest practically important correlation, through 246 
which clear (both positive and negative) and unclear 247 
relationships were defined, as previously recommended.15 248 
 249 
Results 250 
The greatest inter-squad differences in force-power profile 251 
descriptors achieved at baseline appeared to be for theoretical 252 
maximum velocity (Vmax), with elite-squad athletes generally 253 
exhibiting higher Vmax and a more velocity-oriented force-power 254 
profile (i.e. lower FPmax and more negative FVgrad) compared 255 
with talent-squad athletes (Table 3). Sled velocity at 15 m was 256 
generally higher in the elite compared with the talent squad. 257 
 258 
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***Insert Table 3 about here*** 259 
 260 
The percent changes in all force-power variables exhibited by 261 
elite- and talent-squad athletes across the specific training blocks 262 
are provided in Tables 4 and 5, respectively. Force-power profile 263 
changes were considered to be clear if the confidence intervals 264 
did not cross zero. Increases in Fmax and decreases in Vmax were 265 
observed across the initial phase of the first training season (i.e. 266 
focussed on maximum strength development) in both the elite- 267 
(Fmax, 6.1%; Vmax, -7.6%) and talent-squad athletes (Fmax, 23.6%; 268 
Vmax,-12.5%). Consequently, the gradient of the linear force-269 
velocity relationship (FVgrad) became less negative (flatter) and 270 
the force at maximum power (FPmax) shifted rightward towards 271 
higher force values. As expected due to differences in training 272 
histories, the magnitude of these changes was larger in the talent-273 
squad athletes compared with the elite group. For both squads, 274 
there were no clear changes in force-power characteristics across 275 
the latter half of the first training season. Conversely, across the 276 
winter period, athletes from both squads exhibited Vmax 277 
increases (8.1% for elite and 7.7% for talent athletes) but Fmax 278 
was found to decrease (-6.7% for elite and -10.3% for talent 279 
athletes). Thus, FVgrad became steeper (more negative) for all 280 
athletes (-16.9% for elite and -20.8% for talent athletes). For the 281 
elite squad only, the period of reduced training (four weeks 282 
between ice-track and dry-land seasons) resulted in decreases in 283 
Pmax (-6.2%) and Vmax (-3.3%). All changes exhibited by the 284 
talent squad across this period were not deemed to be clear 285 
(confidence intervals overlapped zero).  286 
 287 
***Insert Tables 4 and 5 about here*** 288 
 289 
No clear changes in force-power characteristics were observed 290 
across the initial stages of the second observed training season 291 
until the latter training blocks, where decreases in Fmax and shifts 292 
towards more velocity-oriented profiles were typically exhibited 293 
by both squads. For example, talent-squad athletes performed 294 
lower maximum force and power values (Fmax, -8.1%; Pmax, -295 
9.3%) at the end of this period (October), and the FVgrad was 296 
found to become more negative (-10.2%), compared with the 297 
August session. Similar changes were observed in the elite-298 
squad athletes between June and August in year 2, where 299 
decreases in both maximum force (Fmax, -6.7%) and power 300 
(Pmax, -6.3%) were observed, along with a leftward shift in FPmax 301 
(-7.2%) towards higher velocities. 302 
 303 
Mean changes in 15-m sled velocity across the two training 304 
seasons (year 1 and year 2) were 2.2% (90% CI: 0.3 to 4.1%) 305 
and 1.7% (0.2 to 3.2%), respectively, for the elite squad. 306 
Corresponding values were 1.2% (-0.4 to 2.7%) and 0.7% (-2.2 307 
to 3.7%), respectively, for the talent-squad athletes. The only 308 
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clear associations observed between these improvements in start 309 
performance and changes in force-power profiles were in the 310 
second training season (Figure 3). Increases in theoretical 311 
maximum velocity were associated with greater improvements 312 
in start performance (r = 0.42; -0.10 to 0.76, 90% CI). 313 
Additionally, shifts towards more velocity-oriented force-314 
velocity profiles were associated with faster starts, as greater 315 
improvements in start performance were observed when 316 
gradients of the force-velocity relationships became steeper 317 
(more negative; r = -0.45; -0.78 to 0.06, 90% CI). 318 
 319 
***Insert Figure 3 about here*** 320 
 321 
Discussion 322 
Force-power characteristics exhibited during horizontal leg-323 
press exercise have been shown to be associated with skeleton 324 
start ability.4 Thus, understanding the nature and timescale of 325 
strength and power development in skeleton athletes, along with 326 
the influence of changes on performance, could inform 327 
individualised-training prescription and allow more accurate 328 
evaluation of athlete development. Over the 18-month period 329 
across which this study was conducted, there was clear scope for 330 
changes in the force-power profile seemingly in line with the 331 
varying training stimuli provided by the summer dry-land 332 
training and winter ice-track periods. Increasing leg-press 333 
maximum contraction velocity and shifting the force-power 334 
profile towards higher velocities were associated with 335 
improvements in sled velocity, and thus, warrant consideration 336 
when designing training programmes to enhance start 337 
performance. 338 
 339 
At the beginning of the first training period, elite-squad athletes, 340 
who tended to be faster push-starters, recorded higher leg-press 341 
theoretical maximum velocity but similar maximum force and 342 
power values compared with the talent-squad athletes (Table 3). 343 
The importance of high maximum contraction velocity for sprint 344 
performance has previously been highlighted by research 345 
analysing force-power profiles obtained during sprint 346 
acceleration.2 In this previous work, a strong positive association 347 
(r = 0.84) was reported between  sprint performance (4-s distance) 348 
and theoretical maximum horizontal velocity, but a weaker 349 
relationship was observed with theoretical maximum horizontal 350 
force (r = 0.43). Thus, it appears important for both sprint and 351 
skeleton athletes’ training programmes to be geared towards 352 
enhancing the ability to extend the lower limbs rapidly, and not only 353 
forcefully. Moreover, it has been suggested that explosive 354 
performance is determined by both the maximisation of power 355 
and the optimisation of force-velocity characteristics,7 which 356 
may be achieved through individualised programming targeted 357 
at specific neuromuscular adaptations. In the current study, elite 358 
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athletes appeared to exhibit more ‘velocity-oriented’ force-359 
power profiles during leg-press exercise compared with the 360 
talent-squad athletes. This supports previous work which has 361 
suggested that the orientation of the leg-press force-power 362 
profile is also an important determinant of sled velocity with 363 
superior starters producing their peak power at faster velocities.4  364 
 365 
In line with previous studies,16,17 there was greater scope for 366 
adaptive responses when athletes were in less trained states. This 367 
is likely due to the well-acknowledged ‘principle of diminished 368 
return’, which relates to the influence of initial training status on 369 
subsequent adaptation.18 In the current study, for example, large 370 
gains in maximum force production during leg-press exercise 371 
were observed in the initial stages of the first training season, 372 
especially in the talent athletes (23.6% increase in Fmax) who had 373 
less-extensive training histories than the elite athletes (6.1%). 374 
However, this was accompanied by decreases in theoretical 375 
maximum velocity and shifts in the force-power profile towards 376 
higher forces (increases in FPmax were observed in both athlete 377 
groups: 7.5% for the elite and 20.1% for the talent). Given that 378 
these training blocks were focussed on developing maximum 379 
strength (and involved only a small volume of sprint or low-380 
resistance, high-velocity training), these findings also reinforce 381 
the load-specific nature of adaptive responses to training.19,20 382 
 383 
Distinct changes in leg-press force-power profiles were 384 
exhibited by both groups of athletes across the winter season, 385 
and did not seem to differ markedly between those competing 386 
internationally (elite squad) and those accumulating ice-track 387 
experience (talent squad). There appeared to be a clear shift in 388 
the force-power profiles with increases in theoretical maximum 389 
velocity and concomitant reductions in theoretical maximum 390 
isometric force (Tables 4 and 5). Consequently, the gradient of 391 
the force-velocity relationship was found to become steeper (i.e. 392 
more negative; changes were -16.9% for elite and -20.8% for 393 
talent athletes) across the winter season. This could be attributed 394 
to the typically decreased volume of resistance training 395 
undertaken across this period, which could partly be due to a 396 
reduction in access to facilities when continuously travelling and 397 
partly due to a difference in the training emphasis. In fact, 398 
skeleton athletes have been observed to lose considerable lean 399 
mass (e.g. decreases ranging from 2-8%) across the winter 400 
competition period.21 Given that a more velocity-oriented force 401 
profile appears to be beneficial to skeleton performance4 and 402 
sprint performance,2 the observed changes may actually be 403 
advantageous in skeleton providing that maximum power output 404 
does not concurrently decrease (which it did not in this study). 405 
Thus, the adaptive responses exhibited across the winter period 406 
in this study seem favourable and appear to indicate that start 407 
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performances peaked for the most important competitions 408 
towards the end of the season. 409 
 410 
Training consisted of a greater volume of sprint-based exercises 411 
in the second training season (April to October year 2) compared 412 
with the first, and there was less emphasis on maximum strength 413 
development in a deliberate attempt to enhance sprint ability. A 414 
reduction in the resistance used in training is likely responsible 415 
for the apparent decrease in maximum strength and power 416 
capacity. Moreover, athletes exhibited a shift in the leg-press 417 
force-power profile towards higher velocities, in line with the 418 
load-specific adaptive responses in force-power capabilities 419 
previously exhibited in recreational athletes.19,20 Thus, this study 420 
alludes to a similar moderating effect of load on the training 421 
responses in well-trained individuals. Importantly, the observed 422 
shifts in the force-power profile towards higher velocities appear 423 
to be practically meaningful, as these were clearly associated 424 
with greater push-start performance improvements (r = -0.45) 425 
across the second training season (Figure 3). Furthermore, 426 
increasing maximum velocity across this period also appeared to 427 
be beneficial to start performance (r = 0.42). However, as peak 428 
power concomitantly reduced, which is an important 429 
determinant of skeleton start performance,3,4 the overall 430 
force-power profile changes exhibited may not be entirely 431 
favourable. This reflects the ongoing challenge for strength and 432 
conditioning practitioners to concurrently improve or maintain 433 
all relevant physical and physiological determinants of human 434 
performance, which is especially difficult when these 435 
characteristics are somewhat contradictory in nature. 436 
Interestingly, decreases in peak power were not directly 437 
associated with reductions in sled velocity (Figure 3) despite the 438 
well-established association between these variables when 439 
analysed in a cross-sectional manner.3,4 This highlights the 440 
multi-factorial nature of training responses and the difficulty of 441 
isolating the effects of different adaptive responses on 442 
performance. Other start-performance determinants (e.g. 443 
skeleton-specific, technique-based factors) are likely to 444 
concomitantly change across the season and influence the sled 445 
velocities, but this would clearly not be detected during the leg-446 
press exercise. 447 
 448 
It is also unclear why the associations between leg-press force-449 
power profile changes and performance were only observed 450 
across the second season (Figure 3) particularly as the changes 451 
were, in many cases, smaller compared with the first. However, 452 
the increased volume of sprint and push-track sessions could 453 
provide a possible explanation. Previously, resistance training-454 
induced increases in lower-limb power have been shown to have 455 
little effect on sprint times when power training is conducted in 456 
the absence of sprint-specific exercises.22 It has been suggested 457 
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that in order for neuromuscular adaptations to translate into 458 
sprint-based performance enhancement, sport-specific exercises 459 
are necessary to ‘convert’ neuromuscular adaptations into a 460 
coordinated movement.23,24 Thus, the greater volume of 461 
sprinting and push-starting in the second season may have 462 
facilitated the transfer of the neuromuscular adaptations into 463 
higher sled velocities. Estimating force-velocity-power profiles 464 
during sprint running itself,25 in addition to those during leg-465 
press exercise, could provide some new insight into this potential 466 
transfer mechanism. 467 
 468 
The physical determinants that contribute to a fast push-start are 469 
now well established with start performance predominantly 470 
explained by explosive power output, sprint ability and high-471 
velocity lower-limb contractions.3,4 The novelty of the current 472 
study is the demonstration that clear changes in these key 473 
physical characteristics are induced across distinct phases of the 474 
training cycle and in response to varying training stimuli. 475 
Importantly, this study has also shown that some of these 476 
neuromuscular adaptations influence start performance and can, 477 
therefore, provide important insight to inform individualised 478 
training for skeleton athletes. However, the necessary sequence 479 
of periodisation to best elicit these responses remains unknown. 480 
In well-trained individuals, who have difficulty in achieving 481 
substantial gains in strength and power, sophisticated 482 
programming is necessary.17 Harris et al. 22 demonstrated that a 483 
block of strength training followed by high velocity, 484 
sport-specific training was more beneficial to sprint performance 485 
than a block of either high-force or high-power training in 486 
university-level American football players. The pattern of 487 
periodisation adopted by Harris et al. 22 is similar to that 488 
undertaken in the current study with the latter phases of high-489 
velocity training evoking favourable responses in skeleton start 490 
performance.  491 
 492 
There is, nonetheless, no clear consensus regarding which 493 
combination of resistance training elicits the largest gains in 494 
sprint-based performances across multiple training mesocycles. 495 
This is perhaps partly due to the reluctance of athletes and 496 
coaches to adapt training sessions as well as the impracticality of 497 
conducting controlled trials in competitive sport settings.26 498 
Consequently, the majority of training studies to date have been 499 
limited to short-term studies (6-12 weeks) involving recreational 500 
athletes, where neuromuscular responses are realised without 501 
difficulty.19 More sophisticated training studies conducted in 502 
elite training settings would enable practitioners to base training 503 
programmes on externally-valid research and not rely on 504 
anecdotal evidence. Naturally, it is challenging to capture 505 
accurate accounts of the individualised training programmes. 506 
Indeed, a limitation of the study is that it was not possible to 507 
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collect and link the observed adaptive responses to specific 508 
training stimuli. Nonetheless, this study does provide some 509 
insight into how the force-power profile of athletes can change 510 
in response to different training blocks with varying emphases, 511 
as well as the potential performance implications of these 512 
changes. 513 
 514 
Practical Applications 515 
Dry-land training clearly provides opportunity for 516 
neuromuscular adaptation and alteration of leg-press 517 
force-power qualities in skeleton athletes. However, reducing 518 
the resistance load and undertaking greater volumes of 519 
sport-specific exercises during certain training phases (whether 520 
deliberately programmed during the latter phases of training 521 
seasons or as an anticipated, natural outcome of the competition 522 
period) can result in seemingly beneficial shifts in the force-523 
power profiles towards higher velocities. This appears to allow 524 
skeleton athletes’ start performances to peak at a critical phase 525 
of the competition cycle. 526 
 527 
Conclusions 528 
This study is one of few to document long-term neuromuscular 529 
adaptive responses to training in a well-trained population. 530 
Notwithstanding the widely accepted ‘principle of diminished 531 
return’, there appeared to be scope for training-specific 532 
responses in skeleton athletes’ leg-press force-power profiles to 533 
be induced by the different stimuli provided by the summer 534 
dry-land training and winter ice-track periods. A leftward shift 535 
in the force-power profiles (towards higher contraction 536 
velocities) and increases in theoretical maximum contraction 537 
velocity seemed to have positive implications for start 538 
performance and training should be carefully prescribed to target 539 
these characteristics. The inclusion of greater volumes of 540 
sport-specific exercises in training programmes could 541 
potentially facilitate the transfer of force-power profile changes 542 
to skeleton start performance.543 
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Figure 1. A schematic of the testing schedule in relation to 
specific training blocks for elite- (top, n = 7) and talent- (bottom, 
n = 5) squad skeleton athletes. Open and filled block arrows 
denote timings of the force-power and dry-land push-start testing 
sessions, respectively. 
 
 
 
 
Figure 2. An example of the force-velocity and force-power 
relationships obtained and the variables calculated from the leg-
press testing. Circles and squares indicate raw force-velocity and 
force-power data, respectively. Solid black lines represent the 
line of best fit through the raw data. Extended dashed lines 
represent the data extrapolation to the axes. Vertical dashed line 
indicates method used to calculate force at maximum power 
(FPmax). Fmax = theoretical maximum force, Vmax = theoretical 
maximum velocity, Pmax = maximum power, FVgrad = gradient of 
force-velocity relationship. 
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Figure 3. Pearson correlation coefficients (± 90% CI) between 
changes in force-power profile descriptors and skeleton start 
performance (15-m sled velocity) changes across the training 
seasons (year 1 and 2). Central area (r = 0.0 ± 0.1) indicates a 
trivial relationship. Percentages in brackets represent likelihoods 
that the effect is negative | trivial | positive. Fmax = theoretical 
maximum force, Vmax = theoretical maximum velocity, Pmax = 
maximum power, FPmax = force at maximum power, FVgrad = 
gradient of force-velocity relationship. Bold labels indicate 
relationships which were considered clear. 
 
  
Table 1. Descriptive characteristics (mean ± SD) for three athlete sub-groups. 
 
 Age (years) Mass (kg) Height (m) 
Elite male (n = 3) 26 ± 2 84.0 ± 6.9 1.79 ± 0.10 
Elite female (n = 4) 24 ± 2 68.3 ± 3.0 1.71 ± 0.02 
Talent male (n = 4) 22 ± 1 72.2 ± 4.2 1.73 ± 0.04 
  
Table 2. Typical exercises, loading and repetition schemes adopted across training blocks with specific training emphases 
N.B. This table provides an overview of the types of training prescribed in blocks with specific training emphases. Athletes followed 
individualised programmes within this general structure. 2RM = two-repetition maximum. Repetition scheme = sets x reps. BW = body weight 
Training  
emphasis 
Session Exercises Load  
Repetition 
scheme 
Weekly 
frequency 
Maximal strength 
development 
Strength 
Deadlift (variations) 
Leg press 
Hack squat 
80-98%  
(of 2RM) 
6 x 2-5 3 
Supplementary 
strength 
Squat jumps  
Single leg squats  
High pulls 
50% BW  
10-20 kg 
40-50 kg 
10 x 30 secs 1-2 
      
Explosive power 
development 
Strength-speed 
Squat jumps 
Single leg hops 
Double leg bounds 
40% BW 
 
 
3-4 x 2-5 
2-3 x 8-10 
3 x 30 m 
3 
Supplementary 
exercises 
Glute hamstring raises 
Lunge walks 
 
2 x 8 
2 x 10 
3 
      
Higher-velocity /  
sport-specific 
Speed 
Sprints 
Sled pulls 
Hurdle jumps 
Unloaded 
10-20 kg 
Unloaded 
3 x 40 m 
3 x 40 m 
3 x 5 
3 
Supplementary 
exercises 
Reverse lunges 
Glute hamstring raises 
 
2 x 8-10 
2-4 x 6-10 
3 
Table 3. Force-power characteristics and 15-m sled velocities (mean ± SD) achieved at baseline (first testing session) by elite- and talent-squad 
skeleton athletes. 
 
 
 
Elite male 
(n = 3) 
Talent male  
(n = 4) 
Elite female  
(n = 4) 
Talent female 
(n = 1) 
Maximum force (Fmax, N·kg
-1) 75.1 ± 5.7 77.4 ± 8.7 63.7 ± 7.0 65.8 
Maximum velocity (Vmax, m·s
-1) 1.25 ± 0.04 1.10 ± 0.08 1.07 ± 0.18 0.88 
Maximum power (Pmax, W·kg
-1) 21.1 ± 1.7 20.8 ± 0.9 15.9 ± 1.5 15.1 
Force at maximum power (FPmax, N·kg
-1) 37.4 ± 2.4 39.7 ± 5.5 31.0 ± 2.5 35.6 
Force-velocity gradient (FVgrad, ·10
4) -1.66 ± 0.08 -1.44 ± 0.25 -1.71 ± 0.44 -1.33 
Sled velocity at 15 m (m·s-1) 7.55 ± 0.17 7.39 ± 0.17 6.75 ± 0.26 6.57 
 
Table 4.  Percentage changes (90% confidence intervals) in force-velocity and force-power profile descriptors across each training block (emphases 
in italics) or competition period in elite-squad skeleton athletes. 
 
 
April year 1 -  
July year 1 
July year 1 -  
October year 1 
October year 1 - 
February year 2 
February year 2 
- April year 2 
April year 2 -  
June year 2 
June year 2  - 
August year 2 
August year 2  - 
October year 2 
 
Maximum 
strength 
Explosive 
power, 
high-velocity 
Ice-track 
competition 
Reduced training 
load 
Maximum 
strength 
Explosive power 
High-velocity, 
sport-specific 
Maximum force (Fmax) 
6.1% 
(0.2 to 12.0%) 
2.1%  
(-4.0 to 8.2%) 
-6.7% 
(-11.6 to -1.9%) 
-0.4% 
(-4.6 to 3.7%) 
2.4% 
(-3.0 to 7.8%) 
-6.7% 
(-11.4 to -2.1%) 
-3.1% 
(-6.9 to 0.8%) 
Maximum velocity (Vmax) 
-7.6% 
(-12.2 to -3.0%) 
-4.7% 
(-10.2 to 0.9%)  
8.1% 
(4.0 to 12.1%) 
-6.2% 
(-11.4 to -0.9%) 
1.7% 
(-6.9 to 10.3%) 
-1.0% 
(-8.3 to 6.2%) 
3.0% 
(-1.7 to 7.6%) 
Maximum power (Pmax) 
2.7% 
(-1.5 to 6.9%) 
-0.6% 
(-4.8 to 3.7%) 
-1.5% 
(-4.1 to 1.2%) 
-3.3 % 
(-6.2 to -0.4%) 
3.8% 
(-1.3 to 8.8%) 
-6.3% 
(-12.5 to -0.1%) 
-1.1% 
(-5.4 to 3.2%) 
Force at maximum power 
(FPmax) 
7.5% 
(0.1 to 15.0%) 
2.9% 
(-4.2 to 10.0%) 
-6.0% 
(-13.3 to 1.2%) 
-2.4% 
(-5.8 to 1.0%) 
2.8% 
(-1.4 to 7.0%) 
-7.2% 
(-10.7 to -3.8%) 
-3.3% 
(-7.5 to 0.9%) 
Force-velocity gradient 
(FVgrad) 
11.3% 
(4.6 to 18.0%) 
5.9% 
(-8.0 to 19.8%) 
-16.9% 
(-27.8 to -6.0%) 
7.6% 
(-1.0 to 16.3%) 
1.9% 
(-11.4 to 15.3%) 
-4.6% 
(-16.1 to 6.9%) 
-6.0% 
(-12.6 to 0.6%) 
N.B. negative change in the force-velocity gradient indicates relationship has become steeper and is therefore more negative. 
Bold results indicate results where confidence intervals do not cross zero, and thus a change in that characteristic was deemed to have occurred. 
Table 5. Percentage changes (90% confidence intervals) in force-velocity and force-power profile descriptors across each training block (emphases 
in italics) or ice-track sliding period in talent-squad skeleton athletes. 
 
 
April year 1 -  
July year 1 
July year 1 -  
October year 1 
October year 1  - 
February year 2 
February year 2 
- April year 2 
April year 2 -  
June year 2 
June year 2 - 
October year 2 
 Maximum 
strength 
Explosive power, 
high-velocity 
Ice-track 
competition 
Reduced training 
load 
Maximum 
strength 
Explosive power, 
high-velocity 
Maximum force (Fmax) 
23.6% 
(13.4 to 29.4%) 
2.3% 
(-2.7 to 7.3%) 
-10.3% 
(-16.6 to -4.1%) 
5.6% 
(-3.2 to 14.3%) 
-1.3% 
(-5.7 to 3.1%) 
-8.1% 
(-15.3 to -0.8%) 
Maximum velocity (Vmax) 
-12.5% 
(-23.2 to -1.8%) 
0.1% 
(-7.4 to 7.6%) 
7.7% 
(3.4 to 12.1%) 
-2.7% 
(-8.8 to 3.3%) 
-1.8% 
(-9.0 to 5.4%) 
2.3% 
(-2.5 to 7.1%) 
Maximum power (Pmax) 
1.5% 
(-7.7 to 10.6%) 
2.6% 
(-1.5 to 6.7%) 
0.7% 
(-4.3 to 5.6%) 
1.4% 
(-4.1 to 6.8%) 
-1.9% 
(-7.4 to 3.5%) 
-9.3% 
(-14.9 to -3.7%) 
Force at maximum power 
(FPmax) 
20.1% 
(8.3 to 31.9%) 
2.4% 
(-3.6 to 10.4%) 
-5.4% 
(-11.6 to 0.9%) 
-0.3% 
(-11.1 to 10.6%) 
-1.7% 
(-7.3 to 3.9%) 
-0.9% 
(-9.0 to 7.2%) 
Force-velocity gradient 
(FVgrad) 
28.6% 
(9.0 to 48.2%) 
2.8% 
(-10.4 to 16.1%) 
-20.8% 
(-29.2 to 12.4%) 
7.5% 
(-6.2 to 21.2%) 
2.9% 
(-8.3 to 14.1%) 
-10.2% 
(-19.6 to -0.9%) 
N.B. negative change in the force-velocity gradient indicates relationship has become steeper and is therefore more negative. 
Bold results indicate results where confidence intervals do not cross zero, and thus a change in that characteristic was deemed to have occurred. 
